► The survivorship in patients with congenital heart disease (CHD) has been increased over the last decades with improvement in paediatric care and surgical techniques and nowadays more than 90% reach adulthood. Although patients with CHD are presumed to be at risk for developing acquired cardiovascular diseases such as heart failure (HF).
What does this study add?
► We found that the risk of developing HF was extremely higher (>100 times) in patients with CHD than matched controls, up to the age of 42 years. The highest risk (HR >300) was observed among patients with complex congenital defects, of whom almost 15% developed HF. Patients with complex congenital defects and HF had 63% risk of death compared with 11% in patients with CHD without HF.
How might this impact on clinical practice?
► Prognosis for patients with CHD has greatly improved during the last decade. Despite this, significant morbidity and complications late in life remain frequent and problematic. For the general cardiologist, the general practitioner, the anaesthesiologist, it is of great importance to see the young patient with a corrected congenital heart condition as palliated, not cured and as a patients with significant risk of HF, despite his or her youth and satisfactory childhood surgery.
AbstrAct
Objective Heart failure (HF) is a common cause of hospitalisation and death in adults with congenital heart disease (CHD). However, the risk of HF in young patients with CHD has not been determined. 
IntROduCtIOn
Congenital heart disease (CHD) is the most common potentially fatal malformation of the heart, with an estimated prevalence of 5-10 per 1000 live births. 1 Major advances in cardiothoracic surgery and cardiac care for patients with CHD during the last five decades have resulted in an increasing population of adults with CHD. [1] [2] [3] [4] The adult population with CHD presents new challenges for healthcare, as many patients are prone to residua and sequelae. 5 Heart failure (HF) has recently been identified as a major cause of hospital admissions and the most common cause of mortality in adult patients with CHD, accounting for 25%-30% of all deaths and 45% of cardiovascular deaths. [5] [6] [7] [8] [9] The aim of this study is to determine the risk of developing HF in young patients with CHD, using a national Swedish cohort of patients with CHD and matched controls.
MetHOds study population
We included all patients in the Swedish population with a diagnosis of any type of CHD, The CHD diagnoses were further classified according to a hierarchical system proposed by Botto, 14 used by Oyen 15 and recently modified by Liu 16 as follows. Group 1 was defined as patients with conotruncal defects, such as common arterial trunk, transposition of the great arteries, tetralogy of Fallot and aortopulmonary septum defect. Group 2 was defined as patients with nonconotruncal defects, such as endocardial cushion defects, common ventricle and hypoplastic left heart syndrome. Group 3 was defined as patients with coarctation of the aorta. Group 4 was defined as patients with ventricular septal defects. Group 5 was defined as patients with atrial septal defects. Group 6 included patients with all other congenital heart defects not included in the other five lesion groups.
Each patient with CHD was matched at birth by birth year, sex, and country, with 10 control individuals without any record of CHD, obtained from the Swedish Total Population Register. Only nine controls were available for four patients with CHD. Follow-up data for cases and controls were collected at inclusion in the study (first registration of CHD diagnosis) ending on 31 December 2011, or death. Data are presented for men and women and across birth periods as well as CHD severity groups. A HF diagnosis in the Swedish National Inpatient Register has shown a 96% accuracy for HF as a primary diagnosis and 86%-91% accuracy for a secondary diagnosis of HF. 17 The study was approved by the Gothenburg Regional Research Ethics Board. All national registration numbers were replaced with a code in the final dataset by the Swedish National Board of Health and Welfare.
statistical analysis Descriptive statistics were used for demographic data in the study population. Patients were entered into the study at date of birth, regardless of age at CHD diagnosis. HRs with 95% CI for the development of HF in patients and controls were estimated using a stratified Cox regression model while controlling for age and sex. The HF risk is also presented as incidence rate per 10 5 patient years, compared with controls. Kaplan-Meier estimates were used to calculate cumulative probability of developing HF in patients and controls, as well as cumulative mortality in patients with CHD with HF, compared with patients with CHD without HF.
Two-sided p values were used, and a p value <0.05 was considered statistically significant. SAS software (V.9.4; SAS Institute, Cary, NC, USA) and R-software (V.3.1; R Foundation for Statistical Computing, Vienna, Austria) were used to perform the statistical analyses.
Results
In this study, 21 982 patients with a diagnosis of CHD were included and compared with 219 816 matched controls. The characteristics of the study population are shown in table 1. Up to 42 years of age, 8352 patients with CHD (38.0%) underwent at least one surgical procedure, of which 245 (2.9%) died within 30 days postsurgery.
In total, 729 patients with CHD (3.3%, median follow-up 27.5 years) and 75 controls (0.03%, median follow-up 26.2 years) developed HF ( CHD, congenital heart disease; HF, heart failure. Group 1 was defined as patients with conotruncal defects, including common arterial trunk, transposition of the great arteries, tetralogy of Fallot or aortopulmonary septum defect. Group 2 was defined as patients with nonconotruncal defects, including endocardial cushion defects, common ventricle and hypoplastic left heart syndrome. Group 3 was defined as patients with coarctation of the aorta. Group 4 was defined as patients with ventricular septal defects. Group 5 was defined as patients with atrial septal defects. Group other included all other heart and circulatory system anomalies and all other CHD diagnosis that were not included in the other five lesion groups. *Mean IR in controls 1.2/10 5 years. CHD, congenital heart disease; HF, heart failure;IR, incidence rate, new cases per 100; patient years. 95% CI 94.7 to 217.1). The risk of developing HF in men and women with CHD was high, but there was no significant difference between sexes, HR 95.8 (95% CI 69.6 to 131.8) and 118.8 (95% CI 82.7 to 170.5), respectively.
The HF incidence rate was 124.8 per 10 5 person years (95% CI 115.8 to 133.9) in patients with CHD and 1.2 (95% CI 0.9 to 1.5) in controls (table 3) . Among complex CHD cases (lesion groups 1 and 2), the incidence rate was >300. For complex CHD cases, the HF risk was 401.5 times higher (95% CI 298 to 601) than that of controls and significantly increased in all lesion groups. A total of 56 patients with CHD were heart transplanted including six patients who underwent heart-lung transplantation. Of the 729 patients with CHD and HF, 17 were heart transplanted with a mean age of 12.5 years and a mean transplant-free survival of 19.1 years.
Estimates of cumulative incidence of HF with death as a competing event in patients with CHD and controls are presented in figure 1. In patients with CHD, the cumulative incidence of death and HF until the age of 42 years reached 9.5% and 6.5%, respectively. In patients with CHD, the HF incidence was highest in infancy, approaching zero between 1 and 25 years of age, after which there was a gradual increase. Figure 2 depicts the estimated cumulative incidence of HF across CHD lesion groups, compared with their matched controls. Cumulative risk of HF by 42 years was 6.5% (95% CI 5.8 to 7.2) in all CHD and 14.8% (95% CI 12.1 to 17.4) in complex CHD (lesion groups 1 and 2). Online supplementary figure 1 shows the cumulative incidence of HF in women and men, which was comparable, reaching 6% and 7%, respectively, by 42 years of age.
Diabetes, atrial fibrillation, stroke, hypertension and ischaemic heart disease are well-established risk factors for development of HF. The risk factors in the study population up to the time of HF diagnosis are presented in table 4. Patients with CHD had considerably lower prevalence of these additional risk factors compared with the controls, 19.9% (145/729) versus 53.3% (40/75), respectively.
An estimate of the cumulative probability of death in patients with CHD and controls after HF diagnosis as compared with those without HF is shown in figure 3 . The mortality in patients with CHD and HF was 63.4% (95% CI 57.5 to 69.3) at 42 years of follow-up, compared with 11.4% (95% CI 10.5 to 12.3) for all other CHD cases. Notably, among the 75 controls who experienced HF, there were five deaths and an estimated mortality rate of 37.3% at 42 years of follow-up, although with very wide CIs (95% CI 8.7 to 65.9). The median time from HF diagnosis in patients with CHD and controls to death was 25.8 (10.8-26.2) and 3.1 (2.2-3.9) years, respectively. dIsCussIOn The present study is the first nation-wide study in Sweden on the development of HF in young patients with CHD, compared with matched controls. In this cohort, followed up to 42 years of age, the risk of developing HF for patients with CHD increased more than 100-fold, compared with matched controls during a mean follow-up period of 27 years. However, the absolute risk in patients with CHD to develop HF is low (2%); 3.3% of patients with CHD had a diagnosis of HF compared with 0.03% of controls.
Incidence of HF in CHd
The risk of developing HF in patients with CHD compared with controls significantly increased in all birth decade cohorts, but the highest risk was in the cohort born in Figure 1 Cumulative incidence of HF in the study population, with death as a competing event. Solid black line indicates HF among controls, dashed black line indicates death among controls, solid red line indicates HF among patients with CHD and dashed red line indicates death among patients with CHD. CHD, congenital heart disease; HF, heart failure. Figure 2 Cumulative incidence of heart failure in patients with CHD and controls according to a hierarchical classification. Lesion group 1 was defined as patients with conotruncal defects, including common arterial trunk, transposition of the great arteries, tetralogy of Fallot or aortopulmonary septum defect. Lesion group 2 was defined as patients with nonconotruncal defects, including endocardial cushion defects, common ventricle and hypoplastic left heart syndrome. Lesion group 3 was defined as patients with coarctation of the aorta. Lesion group 4 was defined as patients with ventricular septal defects. Lesion group 5 was defined as patients with atrial septal defects. Lesion group other included all other heart and circulatory system anomalies and all other CHD diagnoses that were not included in the other five lesion groups. CHD, congenital heart disease. the 1980s. In the 1970s cohort, there were fewer patients registered than that of the 1980s, which could imply that a substantial portion of the 1970s cohort may not have been registered. In the 1990s cohort, the CI for the HR was considerable. The difference in HR between birth cohorts should therefore be interpreted with caution. Nevertheless, the higher risk of HF, as well as the cumulative incidence of HF in the 1980s cohort, may in part be because of improved survival compared with the 1970s cohort, most notably among patients with complex CHD, as previously reported with these patients.
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The estimated cumulative incidence of HF by 42 years of age was high, reaching 6.5% in the entire cohort and 14.8% in the complex lesion groups 1 and 2. The population-based incidence of HF from birth in patients with CHD compared with the general population has not been reported. A recent study from Taiwan documented major cardiovascular adverse events in a national cohort of 3267 adult patients with CHD, which were compared with 6534 matched controls. This study found that the HR for HF was between 11 and 21 in patients with CHD during a follow-up of 4 years. 18 Because the cohort was not followed from birth and one-third of the cohort entered the study when they were over 40 years of age, the lifetime risk for HF may have been significantly underestimated.
According to our findings, the cumulative incidence of HF was similar in both men and women with CHD up to 42 years of age, which contradicts previous theories about sex differences in patients with CHD. 19 The incidence of HF in the adult CHD population has recently come into focus. A registry study from the Netherlands of 10 808 patients with CHD reported a cumulative risk of hospital admissions for HF of 1% at 40 years of age and 6% at 60 years, 6 which is lower than the cumulative incidence of HF in patients with CHD of 6.5% at 42 years in our study. The corresponding HF incidence among 274 admitted patients with CHD, with a median age of 47 years in the Dutch study was 120 per 10 5 patient years, which is comparable to the overall HF incidence of 125 per 10 5 patient years in the present study.
diagnosis-specific spectrum of HF in CHd In our study, the incidence for HF in patients with the most complex CHD was >300 times higher than that of controls. Up to 14.8% of patients with complex CHD were predicted to develop HF by 42 years of age. Furthermore, the HF incidence rate in simple CHD (lesion groups 3-5), comprising coarctation of the aorta, ventricular septal and atrial septal defects, was 54-123 times that of controls, with a predicted HF rate of approximately 5% by 42 years of age.
There are few population-based data on the diagnosis-specific spectrum of HF in patients with CHD. Results from our study, as well as from the previous studies, have shown that patients with complex CHD, such as univentricular heart, transposition of the great arteries (with a systemic right ventricle) and tetralogy of Fallot, have the highest risk of developing HF. 6 8 20 This emphasises the role of the right ventricle in HF among patients with CHD, as opposed to predominantly left ventricular failure in patients with acquired heart disease. 21 22 Nevertheless, in a recent US nation-wide study of 84 000 hospitalisations in adult patients with CHD, of which 20% were because of HF, 52% of HF patients were >65 years. The most common diagnoses were atrial septal defects (44%), aortic valve disease (13%) and ventricular septal defects (9%). 8 The high prevalence of comorbidities included arrhythmia (52%), hypertension (52%), diabetes (25%) and renal failure (19%). This illustrates that, although patients with complex lesions have a high risk of developing HF early in life, in the future a substantial portion of older patients with CHD with HF may consist of those with simple lesions, where HF may be precipitated by traditional and modifiable risk factors. 23 
Prognosis of HF in CHd
The present study establishes that HF diagnosis is associated with high mortality in patients with CHD. The probability of death by 42 years of age increased from 11% to 63% in the presence of a HF diagnosis. These data on high mortality among patients with CHD with HF are supported by a registry report from the Netherlands on 3-year mortality after hospital admission for HF, at a median age of 46.7 years, of approximately 25% in women and 40% in men. 6 Their finding of a substantial sex difference was not reproduced in our data (data not shown). Similar single-institution data after hospital admission in 4.6% of a cohort of 3862 patients with a mean age of 58 years were recently published in which the 5-year mortality was 45%. 24 When admitted for HF, patients with CHD have been reported to have a more than three times risk of death compared with patients with non-CHD. 8 25 Furthermore, a recent German registry study identified progressive HF as a leading cause of death in patients with CHD, occurring in 28% of all deaths with a relative over-representation of the abovementioned diagnoses with a high risk of HF: univentricular heart, transposition of the great arteries and Eisenmenger's syndrome. 9 
Future perspectives
We have estimated a HF prevalence of 6.5% at 42 years in this Swedish population with CHD. As the population with CHD ages, acquired heart diseases will become increasingly common, 26 and so will traditional cardiovascular risk factors such as hypertension, hyperlipidaemia and renal failure. For example, a Belgian study of 1976 adult patients with CHD documented at least one cardiovascular risk factor in almost 80% of patients. 26 Furthermore, recently published case-control data in the same cohort as this study have documented a high hazard rate of ischaemic heart disease and atrial fibrillation, both of which can precipitate HF. 27 28 In contrast, changing surgical strategies, such as the shift from atrial redirection to arterial switch in patients with transposition, will reduce the number of patients with a morphological right ventricle functioning as the systemic ventricle.
limitations of the study The study was based on registers, without access to clinical data. For confidentiality reasons, we could only use coded data and we were consequently unable to validate the diagnoses through hospital records. In Sweden, patients with CHD are generally diagnosed and treated at specialist centres, which should minimise misclassification, although occasional errors because of alteration in ICD 8th, 9th and 10th versions cannot be ruled out. Diagnosis of HF is difficult, in particular for patients with complex, underlying cardiac diagnosis. Nevertheless, external validations of the diagnoses of the Inpatient Register, including the HF diagnosis, have been shown to have a high validity of 85%-95%. 17 29 Finally, the Outpatient Register started in 2000; therefore, occasional patients who were only managed in outpatient clinics before 2000 could not be identified.
In conclusion, the risk of HF in children and young adult patients with CHD was more than 100 times higher compared with that of matched controls. At the age of 42 years, 6.5% of patients with CHD were predicted to develop HF, reaching 14.8% in complex cases. Caring for patients with complex congenital conditions who develop HF may demand significant attention from the adult CHD cardiologist in the future. Attention to modifiable risk factors is therefore important, and increased surveillance may be warranted as patients with CHD approach the age when HF prevalence increases in the general population.
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